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ABSTRACT
Investigations have been carried out into the occurrence 
and functions of acid hydrolases during plant cell division, 
differentiation and senescence using histochemical and biochemical
procedures.
Statistical analyses of histochemical data have shown that 
particles staining for naphthol AS BI phosphatase in dividing 
unfixed root cells of Vicia f aba do not act as a 'trigger 1 in the 
way suggested for animal cells, since there were significantly greater 
numbers of particles in mitotic cells as opposed to interphase cells 
in all 3 root tissues, apical initials, procortex and central 
cylinder. Increasing the length of incubation time markedly 
increased the number of particles in all 3 tissues.
The procedure for determining ft -glycerophosphatase activity 
in glutaraldehyde-fixed root tips was found to be unsatisfactory since 
cells in sections of tissues incubated without substrate contained 
lead-staining particles and in both test and control sections diffuse 
cytoplasmic and nuclear staining were apparent.
Using the histochemical reagents, naphthol AS D acetate and 
the diazonium salt, fast red violet LB salt, a biochemical study 
of non-specific esterases extracted from broad bean root tips, has 
shown that these enzymes have an estimated Km of 0.07 mM, a pH 
optimum of 5.5 and that they lose substantial activity when dialysed 
against distilled water as opposed to 5mM magnesium chloride and 
10mM phosphate buffer. However, adding magnesium and/or chloride 
ions to the assay system reduced enzyme activity.
vii 
A combined cytochemical and biochemical analysis of 
non-specific esterases in differentiating root tissues of the broad 
bean showed that maximal enzyme activity, expressed on a per 
segment, per unit protein or per unit area of average-sized section 
basis, occurred within the zone of cell expansion, elongation and 
differentiation of procambial tissues.
Cytochemical studies showed that in glutaraldehyde-fixed 
roots activity was only slightly inhibited when compared with
unfixed material, whereas biochemical studies revealed that only
1
about   of the activity of enzyme extracted from unfixed roots was 
8
present in homogenates of fixed roots.
X
In a study of non-specific esterases in soft fruit ripening 
and senescence, cytochemical studies demonstrated that enzyme 
activity was associated with subcellular structures in the pulp 
cells of the ripening strawberry. The fleshy mesocarp tissues of 
raspberry and blackberry, however contained no enzyme end-product 
at any of the stages of ripening examined.
In older strawberry receptacles, also examined biochemically, 
enzyme end-product was associated with large spherical lipid-droplet- 
like bodies absent in younger receptacles.
Assays of non-specific esterases in immature, maturing and 
mature pulp tissues showed that these enzymes increased several 
fold during ripening when expressed on a per g fresh weight or per 
berry basis. Although esterase activity changed little during 
the transition from 'maturing 1 to 'mature 1 when expressed on either 
basis, the specific activity of the enzymes fell markedly.
The Km values of enzyme extracts from the 3 stages of 
berry development decreased as ripening proceeded denoting an
increased affinity of these enzymes for their substrates possibly 
due to the removal of an inhibitor or a change in iso-enzyme 
pattern. Esterases from the three ripening stages exhibited 
broad pH optima (pH 5-5 - 6.5) although limitations of the assay 
procedure prevented the detection of possible alkaline optima.
Ultrastructural studies showed that changes in the 
subcellular organelles of ripening strawberry pulp cells were 
similar to that reported for other senescihg.plant material, 
vesiculation of many organelles and loss of ribosomal material 
being the most characteristic. Attempts to localise esterases 
in fruit cells at the ultrastructural level were unsuccessful 
since electron dense end-product of diazotised lead phthalocyanin 
bound to a variety of structures even in the absence of the enzymes 1 
substrate. In contrast the use of the diazotate of LPED in 
Vicia faba root cells was more promising in that in test tissue end- 
product was found in small vacuoles and rough endoplasmic reticulum, 
whilst control cells incubated in the absence of substrate lacked 
enzyme end-product.
The water-soluble epoxy resin, Durcupan, was assessed for 
its effect on plant cell organelle morphology by comparing similar 
tissue conventionally dehydrated in alcohol. No gross changes in 
ultrastructure were observed.
(ENERAL INTRODUCTION
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Interest in acid hydrolases has escalated since de Duve and 
his collaborators (1955) first showed that in rat liver cells, these 
enzymes were mainly, although not exclusively, concentrated in a 
distinct cytoplasmic organelle, ! the lysosome 1 (de Duve 1959). In 
their early biochemical cell fractionation studies five separate 
acid hydrolases - acid phosphatase, acid deoxyribonuclease, (DNAase), 
acid ribonuclease, (RNAase), cathepsin andy3-glucuronidase - were 
found to be present within the same particle. The list is now more 
extensive and up to 12 or more hydrolases have been reported from 
such particles derived from rat lymphoid tissue, (Bowers and 
de Duve, 1967a, 1967b).
As the name 'lysosome 1 suggests, these bodies with their 
hydrolytic enzymes were initially believed to be the foci of 
controlled intracellular lysis and digestion of metabolically labile 
cell macromolecules. This process was given the name autophagy or 
heterophagy depending upon whether the material undergoing digestion 
was of endogenous or exogenous origin. This whole intracellular 
digestive system in animal cells was given the name "vacuolar 
apparatus" (de Duve and Wattiaux, 1966).
This early work, which saw the emergence of a ! new ! and 
'distinct 1 group of subcellular particles with a specialised cell 
role, has since led to voluminous literature on the subject of 
lysosomes and their functions in animal cell biochemistry, physiology 
and pathology, which is summarised in a recent two volume treatise 
on ! Lysosomes in biology and pathology', (Dingle and Fell, 1969).
As a result of their work, de Duve and his associates were 
able to establish a number of biochemical criteria whereby lysosomes 
could be characterised and recognised. The hydrolases exhibited
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1 structure-linked latency 1 since the enzymes were separated from 
other cytoplasmic constituents by a lipoprotein membrane that 
restricted their accessibility to external substrates. Moreover, 
this membrane could be disrupted by a number of physical and 
chemical treatments. Homogenisation in a Waring blendor, repeated 
freezing and thawing, ultrasonic vibration, osmotic shock, detergent 
action or certain enzyme action (protease, lecithinase) all 
rendered the" acid hydrolases freely accessible and soluble (de Duve 
1963). It followed too, that if the enzymes were particle-bound 
then a percentage of the enzyme activity should be sedimentable in 
homogenates of the tissue. In addition, each of the membrane-bound 
hydrolases should exhibit acid pH optima, when tested against their 
respective substrates.
When recounting the history of the discovery of the lysosome 
de Duve (1969) makes reference to the advances made early on in their 
studies to the application of cytochemical staining methods using 
one of the acid hydrolases, acid phosphatase, as a marker enzyme for 
the intracellular localisation of lysosomal particles (Novikoff, 1961), 
These staining methods could be used at both the light and electron 
microscope levels on thin sections of tissue which could also be 
studied biochemically in whole homogenates. This emphasis on 
combined biochemical and cytochemical investigations of certain acid 
hydrolases has been the cornerstone of much subsequent research with 
animal tissues.
In plant cells, the cytochcziical localisation of acid 
phosphatase, in connection with both cytological and physiological 
studies, had been attempted by a number of workers (e.g. McGregor 
and Street, 1953; Wilson and Cutter, 1955; Jensen, 1956; Avers, 
1961 and Avers and King, 1960) before widespread interest in this
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enzyme had been aroused by de Duve ! s discovery of the lysosome in 
animal tissues. Jensen (1956) had proposed that acid phosphatase- 
staining particles in root tip cells were mitochondrial in nature 
on account of their size and shape, but later work by Avers and King 
(i960) and Avers (1961) showed that mitochondrial populations of 
root meristem cells were heterogeneous with respect to staining for 
acid phosphatase and respiratory enzymes, and hence the possibility 
of distinct acid phosphatase-rich particles -in plant cells had to be 
considered. Interest in these particles in plant cells quickened 
in the train of de Ihive's publications on lysosomes (1959, 1963). 
A search for the existence of corresponding lysosomal particles in 
plant cells began during the mid-1960 l s when both cytochemical and 
biochemical methods were being used to define the source of acid 
hydrolase activity in a variety of plant tissues. Unfortunately 
the two approaches were seldom used together. Most cytochemical 
evidence at both the light and electron microscope levels for the 
existence of plant organelles with a lysosome-like function came 
from the use of the Gomori acid phosphatase test (Gomori, 1952). 
/3-glycerophosphate, in the presence of lead nitrate, is the 
substrate used (e.g. Poux, 1963; Gahan, 1965; Gahan and Maple, 
1966; Figier, 1968; Hall, 1969} Sexton and Sutcliffe, 1969) and 
the precipitated lead phosphate is converted to the sulphide. 
The ultrastructural evidence suggested that the enzyme activity 
resided particularly in the vacuoles of a variety of plant tissues 
(Figier, 1968; Gahan and McLean 1969; Halperiri, 1969; Poux, 1970; 
Sexton et aL, 1971).
It was perhaps understandable that cytochemical methods 
for acid hydrolase localisation in tissue sections should be 
largely limited to acid phosphatase in view of both Gomori's
(1943, 1952) and Holt's (1958, 1959} work and the original pronounce- 
ment of de Dave et al., (1955) that this enzyme was lysosomal. 
Alternative cytochemical methods to that of Gomori for acid phosphatase 
detection were available based either on simultaneous or post- 
coupling azo-dye techniques. These used either the phosphate esters 
of naphthol AS derivatives (Burstone, 195^^, or <*-naphthol phosphate 
(Grogg and Pearse, 1952; Barka and Anderson, 1962) as substrates, 
but they were never as widely used. However, with the ever- 
increasing interest in lysosomal particles, their application to 
animal cells in conjunction with Gomori ! s method, or in their own 
right became widespread (see review by Gahan, 1967). It is only 
recently that the use of the naphthol AS series for acid phosphatase 
localisation in plant cells at the light and electron microscope 
levels has been reported to any extent (Gahan and McLean, 1969; 
Ashford and McCully, 1970; McLean and Gahan, 1970; Hall and Davie, 
1971).
Methods for the histochemical demonstration of acid 
hydrolases other than acid phosphatase, e.g. DNAase, RNAase, 
/B -glucuronidase, p-galactosidase, p-glucosidase, arylsuphatases, 
and non-specific esterases have been attempted and of these the 
most successful have been those for esterases, arylsulphatases, and 
JS -glucuronidase (e.g. Gahan, 1967). The substrates for these 3 
groups of enzymes are all derivatives of the naphthol AS series 
(Burstone, 1958a,1962); that for esterases often being naphthol 
AS D acetate, the substrate widely used in this work.
After enzymic hydrolysis the freed substituted naphthol is 
captured by a suitable diazonium salt and the extremely insoluble
azo-dye so formed is deposited at the site of enzyme action. 
Diffusion artefacts are minimised and localisation has often been
referred to as 'excellent 1 , (Pearse, 1960; Burstone, 1962).
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Besides the use of naphthol AS derivatives as substrates 
for non-specific esterases, the two other widely used nEthods for 
detection of these enzymes should be mentioned. Wachstein and 
Meisel (i960) used thiolacetic acid as the esterase substrate. 
Upon hydrolysis this releases hydrogen sulphide which converts any 
lead nitrate present to lead sulphide, which can be seen at both 
the light and electron microscope levels. Perhaps even more 
widely used is Holt's indigogenic method-(1958). Indoxyl acetate 
or its various substituted derivatives are hydrolysed by esterases 
to free indoxyl which is then oxidised via its leuco derivative to 
the corresponding indigoid dye.
» 
Once these histochemical procedures for enzyme localisation 
became established in studies with animal cells it was not long 
before the same methods were applied to plant cells. Besides the 
studies on plant acid phosphatase previously mentioned, Walek- 
Czernecka (1962, 1963, 1965) localised a number of acid 
hydrolaces using naphtholic or naphthyl substrates in onion bulb- 
 scale epidermis, and suggested that the particles so stained were 
1 spherosomes 1 , plant cell organelles first identified by Dangeard 
many years previously (1922) as small, spherical and highly 
refractile particles in the epidermal cells of Iris leaves. 
Other workers also identified the acid hydrolase-containing 
organelles as spherosomes in a variety of plant tissues: Gorska- 
Brylass (1965) in pollen tubes, Olszewska and Gabara (196/0 in 
the phragmoplast of dividing root cells of Zea mays and Holcomb 
et al., (1967), in normal and tumour cells cultured from sunflower 
stems and crown galls.
In addition to vacuoles and spherosomes as possible sites 
of acid hydrolase activity in plant cells, Dauwalder et al., (1969),
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Zee (1969), and Poux (1970), identified the Golgi bodies as 
staining positively for acid phosphatase.
Cytochemical evidence alone does not provide unequivocal 
evidence for the existence of a plant cell organelle having a 
comparable structure and function to the animal lysosome. It 
became quite clear that to identify such particles, if they existed, 
it would be necessary to show that isolated organelles from 
tissue homogenates had the biochemical characteristics that matched 
the biochemical definitions and criteria, at least, of animal 
lysosomes i.e. the enzyme would show latency, be sedimentable, 
and several acid hydrolases with acid pH optima would exist within 
the same particle.
The sedimentability of acid hydrolases from a variety of 
plant tissues has been demonstrated by several investigators. 
Harrington and Altschul (1963) first showed latent, sedimentable 
acid phosphatase activity in germinating onion seed extracts. 
Matile et al., (1965) later presented evidence for the sedimentability 
of 3 other enzymes, non-specific esterases, protease, and RNAase, in 
cell-free extracts from tobacco and Zea mays seedlings. These 
observations also showed that only a percentage of such activity 
was sedimentable and that after homogenisation and high speed 
centrifugation a fairly high proportion of the enzyme's activity 
was recovered in the supernatant fraction.
The degrees of sedimentability, varying from negligible 
(Corbett and Price, 196?) to considerable (Balz, 19665 Matile, 
1968b; Semadeni, 1967) have been attributed to inappropriate or 
inadequate extraction techniques used in the isolation of the acid 
hydrolase-bearing particles (Matile, 1969).
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Recently Gibson and Paleg (1972), illustrated the 
structural latency of cX-amylase in wheat aleurone cells by the use 
of the surface active agent, Triton X-100. This detergent, along 
with deoxycholate, crude snake venom and a variety of purified 
phospholipases was used by Pitt and Galpin (1973) in their study 
of acid phosphatase latency in cell-free extracts of potato shoots. 
They found that whilst the phospholipases were ineffective in 
extracting the enzyme, the other 3 reagents released the enzyme 
from its particle-bound state.
The demonstrations of sedimentability and latency by the 
above named workers were often carried out simultaneously with 
biochemical investigations of the source of acid hydrolase activity 
in the various cell fractions, separated on appropriate differential 
density gradients. This information was then related to the 
evidence obtained from the ultrastructural study of the separated 
fractions and the subcellular localisation of the respective 
enzymes confirmed (Matile, 1968b; Matile and Moor 1968; Pitt 
and Galpin, 1973).
In this way Matile (I968b) showed that the mitochondrial 
fraction of a cell-free extract prepared from root tips of Zea mays 
seedlings could be resolved into 'heavy 1 and 'light 1 lysosome 
fractions, there being a total of nine identifiable acid hydrolases, 
including acid phosphatases and non-specific esterases. 
Ultrastructural freeze-etch studies showed that the 'light' lysosomal 
fraction was identifiable with meristematic vacuoles with diameters 
of 0.5-2»Jim or more. 'Heavy' lysosomes on the other hand were 
smaller (0.1-0.3 f^m diameter) but had the same fine structure. 
Similar biochemical and ultrastructural evidence supplied by Pitt 
and Galpin (1973) suggests that heterogeneous populations of
-8-
vesicles and vacuoles contain most of the acid hydrolase activity 
in cell fractions taken from potato shoots.
Therefore biochemical, ultrastructural and some cytochemical 
studies suggest that plant vacuoles of varying sizes and development 
contain appreciable 'acid hydrolase activity. However Matile and 
Spichiger (1967) and Semadeni (1967) showed that whilst acid 
phosphatase and non-specific esterase were concentrated in 
spherosomes, the nucleases (RNAase and DNAase) and o<-amylase were 
always absent. It must therefore be concluded that the histochemical 
enzyme staining pattern for spherosomes, mentioned previously, could 
equally well have represented the distribution of small vacuoles, 
particularly since the recent finding of Yatsu et al«>(l97l) shows 
that in a highly purified preparation of spherosomes from onions 
and cabbages acid phosphatase activity could not be detected in 
biochemical assays.
On biochemical and cytological grounds, therefore it 
seems that plant cells possess organelles that are equivalent to 
the animal lysosome but it is much more difficult to establish 
whether they have similar physiological functions. Obviously the 
heterotrophic nature of animal cells leads to large differences 
between animal and plant cell metabolism and any functional lysosomal 
differences are probably a reflection of this.
In animal cells lytic processes, causing certain intra- 
cellular organelles or structures to disappear are known to be 
involved in many phenomena of cellular differentiation and 
metamorphosis. Such processes have been observed in erythrocyte 
maturation (Tooze and Davies, 1965), skin keratinization (Farquhar 
and Palade, 1965), follicular atresia (Goraya and Greenwalt, 196/0
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and mammary involution (Slater et al.« 1963). Lysosomal enzymes 
have also been implicated in more dramatic developmental changes 
such as tissue regression in chick embryo (Scheib, 1965) amphibian 
tadpoles (Weber 1963; Eeckhout, 1965) and metamorphosing insects 
(Lockshin and Williams, 1964, 1965) where whole tissues are lost 
by widespread cell death.
Besides their involvement in cell differentiation and cell 
death Allison and Mallucci (196/0 have claimed that the intracellular 
release of lysosomal enzymes acts as the 'trigger' for mitosis.
The roles of lysosomes in the pathogenecity of animal cells 
are known to be numerous and have been the subject of much recent 
medical literature. This aspect of lysosomal activity is dealt 
with extensively in the previously mentioned treatise, 'Lysosomes 
in Biology and Pathology 1 (Dangle and Fell, 1969). Since it is 
only recently that lysosome-like organelles in plant cells have 
been characterised biochemically, studies on their physiological 
roles have only just begun. Already, however, Matile and Winkenbach 
(1971) have shown that lysosomal enzymes are involved in ageing 
and senescence of corolla segments of Ipomea, whilst Heftmann (1971) 
has shown changes in various acid hydrolases during the ripening of 
tomato fruits. In addition Gibson and Paleg (1972) have produced 
evidence for the hormonal induction of lysosomal enzyme synthesis 
in wheat aleurone cells, where acid hydrolysis of the starchy 
endosperm is one of the initial events of germination.
It was in an attempt to add to the knowledge of the roles 
of plant acid hydrolases in the processes of cell division, 
differentiation and senescence in plant development that the present 
work was undertaken. A combined cytochemical and biochemical study 
of selected acid hydrolases was to be undertaken to answer two
-10-
specific questions in relation to the physiological and biochemical 
significance of acid hydrolases in plant cells.
i i
1) Can acid phosphatases act as a trigger for mitosis
in plant cells in the same way that has been claimed for animal 
cells? By using the young root tips of Vicia faba for the 
cytochemical localisation of acid phosphatases, employing both the 
lead salt precipitation and azo-dye methods, particles staining 
for the enzymes could be counted in a large number of dividing and 
non-dividing cells (Chapter i). Statistical methods could then be 
used to analyse the significance of the numbers of particles at the 
different phases of cell division and in each of the different 
tissues.
Attempts were not made to investigate any possible
triggering capacity of non-specific esterases in plant cell division 
since McLean (1970) has already shown that in broad bean root tips 
the number of esterase sites represented by azo-dye particles is 
dependent on the type of cell, not on the stage of cell division 
reached.
2) How does the activity of nonspecific esterases vary 
with increasing cell differentiation, maturation and senescence?
The growing root tip serves as an ideal model for the study 
of cell growth and differentiation (Esau, 1943; Jensen, 1955;
Holmes et §1,1955; Heyes and Brown, 1956). A
longitudinal section of the root reveals a region behind the root 
cap, the apical meristem, where cells are constantly dividing and 
cutting off cells both to the cap and to the main body of the root.
-11-
By examining those cells cut off towards the base of the root a 
linear sequence is obtained of increasing cell differentiation 
and maturation with increasing distance from the tip. Consequently 
by taking serial segments of tissue several workers have investigated 
changes in cellular morphology, cytology and biochemistry during 
the differentiation process. Jensen (1958), Holmes et aL, (1955) 
and Sunderland and McLeish (1961) measured changes in nucleic acids 
and protein .whilst studies have also been- made of changing enzyme 
levels in a variety of roots (Bottelier et- al., 194-3; Robinson and 
Brown; 1952, 1954; Brown and Robinson, 1955; Van Fleet, 1959; 
Czernik and Avers, 1964; Sutcliffe and Sexton, 1969). The
a
rationale for such work is that cell growth in intact organs is 
often accompanied by large increases in protein content (Blank and 
Frey-1/Jyssling, 1941; Kopp,-1948; Brown and Broadbent, 1951) and 
other metabolic events such as respiration (Kopp, 1948).
However, only Sutcliffe and Sexton (1969) have used a 
combined cytochemical and biochemical approach to studies of this 
nature, despite the advantages of being able to correlate the cell 
and tissue localization of the enzyme(s) with their biochemical 
activity at any given region of the differentiating root.
Non-specific esterases were the enzymes chosen for the 
present study since there are established and reliable methods for 
their cytochemical localisation in both plant and animal cells. 
(Burstone, 1958a, 1962; McLean and Gahan, 1970). Furthermore, 
the lateral roots of Vicia faba have frequently been used in the 
histochemical study of non-specific esterases in cell differentiation 
(Benes, 1962; Sahulka and Benes, 1968; McLean, 1970; Benes, 1971) 
but no quantitative biochemical data were provided. Sahulka and 
Benes (1968) did, however, examine this group of enzymes semi-
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quantitatively by subjecting enzyme extracts of the roots from 
the dividing, enlarging and maturing zones, to acrylamide gel 
electrophoresis and comparing the zymograms produced.
Since methods for the biochemical assay of non-specific 
esterases using cytochemical reagents had not previously been 
devised it was necessary first to define the optimal conditions 
for enzyme assay and then to examine critically and to assess the 
possible parameters that affect the intensity of colour develop- 
ment of the azo-dye in solution (Chapter II).
In Chapter III a procedure is described for the preparation 
of extracts and assay of non-specific esterases using homogenates 
from very small (approx. 0.5 mm) segments of young lateral roots 
of broad bean, from 0-3 mm> a zone covering the events of cell 
vacuolation, expansion and differentiation. At the same time 
the opportunity was taken to assess the effect of the universally- 
used electron microscope chemical fixative, glutaraldehyde,on 
enzyme activity detected both cytochemically and biochemically, 
'since fixatives generally are known to reduce or alter enzyme 
activity (Burstone, 1958b$ Hopwood, 1972).
The ripening of fruits is generally regarded as a 
process leading to the senescence of a variety of cells and 
tissues. Marked metabolic changes involving both the controlled 
synthesis and breakdown of cell constituents are known to occur 
during fruit maturation, (Bain and Mercer, 1964; Sacher, 1967). 
It was proposed that acid hydrolases might be important in certain 
of the breakdown processes; possibly being involved in the 
intracellular lysis of cell organelles and macromolecules as 
senescence proceeded (Barton, 1966).
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It was planned to monitor the changes in non-specific 
esterase activity at the cytochemical level in 3 different soft 
fruits during ripening; blackberry, raspberry and strawberry. 
Additional, paralleled cytological and biochemical studies were 
to be undertaken of one of these fruits, the strawberry, in order 
to relate changes in enzyme activity to cellular and subcellular 
changes occurring as the receptacles ripened, (Chapter IV. ).
To obtain quantitative data on the changes in esterase 
activity during ripening the assay method used in the root 
differentiation studies was applied to enzyme extracts prepared 
at different stages of berry maturation.
Mention has previously been made of the value of 
combining biochemical methods with ultrastructural studies when 
investigating the possible existence of plant lysosomes. It 
was therefore proposed to carry out some preliminary electron 
microscope cytochemistry on both differentiating root cells and 
developing strawberry receptacles to ascertain the subcellular 
  sites of esterase activity and record morphological changes in 
cell structure with differentiation and ripening.
Shnitka and Seligman (1971) have reviewed some of the 
present-day limitations of the methodology for the ultrastructural 
localisation of enzymes. McLean (1970) was aware of these 
limitations when using lead phthalocyanin as an electron dense 
coupling salt for the localisation of naphthol AS D esterase 
activity and naphthol AS BI phosphatase activity in Vicia f aba 
root tips. In an extension of her findings the same coupling 
salt has here been used for the subcellular localisation of 
esterase activity at the various stages of strawberry develop- 
ment.
-u-
In addition a newly synthesized and improved lead compound 
triphenyl-£-phenethyl lead (LPED), (Livingston et aL.,1969) was used 
to localise these enzymes in differentiating root cells.
In view of the known solubility of the lead end-product in 
conventional dehydrating reagents, such as acetone or alcohol 
(Livingston et aL , 1969; Gahan and McLean, 1969), the effect of 
incorporating a water soluble epoxy resin, Durcupan (Fluka Ltd., ) 
into the processing of tissues for electron microscopy needed to be 
assessed. It was hoped that these electron microscope studies 
would throw further light on the role of esterases in cell 
differentiation and cell senescence by enabling suitable comparisons
4
to be made with esterase localisation studies performed at the light 
microscope level.
To sum up, the purpose of this investigation was to examine 
the involvement of two separate groups of acid hydrolases in the 
developmental processes of plant cell division (acid phosphatases}, 
differentiation, maturation and senescence (non-specific esterases). 
This was to be achieved by obtaining quantitative data on esterase 
activity at the different stages of cell growth and development 
and combining it with qualitative data from both cytochemical and 
cytological techniques. In this way it was hoped that a picture 
could be built up of the ontogeny of the enzymes throughout plant 
cell growth, maturation and senescence, thereby allowing better 
comparisons to be made between the known functions of acid hydrolases 
in animal cell physiology (de Duve and Wattiaux, 1966) and the 
suggested ones for plant cells (Matile, 1969).
CHAPTER I
A CITOCHEMICAL AND STATISTICAL INVESTIGATION CF 
^-GLYCEROFHOSFHATASE AND NAPHTHOL AS BI FHOSFHATASE 
DURING CELL DIVISION IN ROOT TIPS OF VICIA FABA
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1.1. INTRODUCTION
A number of workers, Flaxman and Mulnard (1961), Allison 
and Mallucci (196/0, Robbins and Gonatas (196/J and Maggi (1965), 
have shown that in animal cells, acid phosphatase-staining 
particles or lysosomes undergo apparent changes in number and 
configuration prior to mitosis. The number of such particles is 
reduced in dividing cells and their position in the cells changes 
from a predominantly polar one at interphase to a circum-nuclear 
one at prophase.
These observations prompted Allison and Mallucci (1964), to 
suggest that prior to cell division there is a release of lysosomal 
enzymes into the cytoplasm which acts as the *trigger 1 for mitosis 
in those cells that are !primed ? for the event. They tested this 
idea by stimulating normally non-dividing tissue, in this case 
peripheral human blood lymphocytes, to divide by means of the plant 
mitogen, phytohaemagglutinin (PHA), and observing the ensuing 
changes in the number of lysosomal particles by acridine orange 
staining and fluorescence microscopy. In lymphocytes so treated 
there was an enlargement of the cells, accompanied by an increase 
in the number of ^ -glycerophosphatase-rich particles, and a 
subsequent reduction in number when the cells were dividing. 
Furthermore^ substances such as chloroquinone or prednisolone, that 
are known to stabilize lysosomal membranes, inhibit this mitogenic 
effect, (Hirschhorn and Hirschhorn, 1965). Hirschhorn and 
coworkcrs (1968) provided added biochemical evidence for this 
hypothesis when they found a qualitative change in the distribution 
of ^-glucuronidase and acid phosphatase in subcellular fractions 
isolated from PHA-stimulated human blood lymphocytes. The amounts 
of these acid hydrolases in the granular fraction derived by
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centrifugation at 20,000 x g for 20 min decreased, but the activity 
in the corresponding supernatant increased, suggesting an increased 
fragility of the lysosome fraction after treatment. However, there 
vas no increase in the total acid hydrolase activity per cell, and 
treatment with other membrane-disrupting agents such as Triton X-100 
failed to release acid hydrolases from these particles.
In plant cells McLean (1970) reported that she could find 
no difference in number or pattern of distribution of acid hydrolase- 
containing particles in the dividing and non-dividing cells of the 
root and shoot meristems of Vicia faba L. No quantitative evidence 
was provided to support these preliminary findings, however, and 
it was in an attempt to extend these findings that a quantitative 
and statistical study of the distribution during mitosis of acid- 
phosphatase-staining particles was undertaken.
B -glycerophosphatase and naphthol AS BI phosphatase have 
been shown to be histochemically and biochemically distinct in both 
animal tissues (Neil and Horner, 1962; Maggi et al.,,1966; Nelsonj1966; 
and Bowen, 1968) and plant tissues (Gahan and McLean, 196?). For 
this reason both the metal salt precipitation method of Gomori (1950) 
for ft -glycerophosphatase and the azo-dye method of Burstone (l958a) 
for naphthol AS BI phosphatase were used in a study of the 'triggering' 
capacity of these enzymes in both fixed and unfixed root tips of 
Vicia faba L.
When using the Gomori procedure, fixation is usually 
recommended, since it has been maintained that undenatured protein 
produces false positive results (see for instance Gomori, 1950j 1952). 
Fresh, frozen sections will therefore adsorb nonspecific lead very 
strongly and not all will be removed in the ! acid rinse 1 (see Holt,
-17-
1959* for a critical assessment of the Gomori procedure). Also, 
in plant cells Sexton et al.,(l971) found that a large amount of 
^ -glycerophosphatase leaked into the incubation medium when unfixed, 
frozen sections of root tips of maize and pea were used. Cold, 
glutaraldehyde-fixed material, on the other hand, gave both good 
cellular preservation and little enzyme inactivation. For these 
reasons root tips were first fixed in glutaraldehyde before preparing 
sections for the investigation of 8-glycerophosphatase activity.
-18-
1.2. MATERIALS AND METHODS
1.2.1: Plant material.
The procedure for growing plants of the broad bean, 
Vicia faba var. J Aquadulce' was as follows: Seeds were soaked in 
running tap water for l6-24h, and then grown in tap water culture 
for 10-14 days under continuous aeration at 20°C. A light regime 
of I6h light and 8h darkness was maintained throughout the growth 
period. Lateral roots were washed in a jet of tap water and rinsed 
in distilled water before removal of the terminal 2 or 3 cm portions 
with a clean razor blade. All root material was immediately frozen 
for enzyme studies when unfixed material was required, or treated as 
in 1.2.2.1.1. if fixed sections were needed.
1.2.2. Enzyme localisation procedures for acid phosphatases.
I. 2.2.1. The lead salt precipitation method for /^-glycerophos-
phatase (Gomori, 1950).
1.2.2.1.1. Fixation.
Whole roots were first fixed in 2. 5% glutaraldehyde 
solution in 0.1M cacodylate buffer, pH 7.2, at +2°C for 3h with 
continuous shaking. The tissue was then frozen and sectioned 
according to the method of Gahan et al.,(l967). Sections 10-20 jam 
thick were cut on a Bright's cryostat at temperatures between -20°C 
and-25°C.
I.2.2.1.2. Incubation and staining procedure.
A modification of the Gomori procedure (Holt, 1959) 
was used. 0.316 g of sodium /$-glycerophosphate (Sigma Chem. Co. 
Ltd.) and 0.12 g lead nitrate (B.D.H. Ltd.) were each separately
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Short Communication
The Interference of L-Ascorbic Acid 
with a Standard Histochemical Azo Dye Coupling Procedure
D. J. James and A. R. W. Smith 
School of Biological Sciences, Thames Polytechnic, London, U. K.
Received April 27, 1972
Summary. The reducing agent, L-ascorbic acid, has been shown to interfere with the 
chromogenesis of free Napthol AS D, and the diazonium salt, fast red violet.
The findings reported here originate from studies in this laboratory on the 
cytochemistry and biochemistry of nonspecific esterases in developing plant tissues, 
notably the lateral root tips of the broad bean, Vicia faba and the maturing fruits 
of commercially grown strawberries.
In this work L-ascorbic acid was used routinely to prevent the darkening of 
plant extracts during and after homogenisation. The problems associated with the 
formation of coloured oxidation products upon cell and tissue breakage, the 
resultant denaturation of enzymes and the measures taken to prevent these 
effects are comprehensively reviewed by Anderson (1968).
Cytochemical studies of the esterases were performed using the azo dye method 
of Burstone (1962); the same enzymes were assayed biochemically, using a modi- 
fication of Gomori's method (1953) developed by the authors (to be published 
elsewhere). Essentially this technique involves maintaining enzymically hydro- 
lysed Napthol AS D acetate in a clear, colloidal solution as free Napthol AS D by 
the use of ethylene glycol and a detergent such as sodium dodecyl sulphate. Up 
to 0.033 (xmoles per ml of free Napthol AS D is then post-coupled with a standard 
excess of fast red violet LB salt, (diazotised 5-benzamido 4-chloro-o-toluidine; 
Sigma Chemical Co. Ltd., London, England). The absorbancy of the resulting 
soluble azo dye product is read spectrophotometrically at 520 nm. Standardi- 
sation is effected using solutions of Napthol AS D (Sigma) of known concentration.
In the early stages of the work acetone-dried powder extracts of the tissues 
were prepared in which sodium L-ascorbate (Sigma) was added to a final con- 
centration of 100 mM to prevent tissue discolouration. Such powders, when 
extracted with distilled water or buffer for the assay of enzyme content, produced 
lower colour intensities after assay than control solutions measuring non-en- 
zymic hydrolysis.
The coupling process of fast red violet LB salt with added free Napthol AS D 
in known concentration was then shown to be remarkably sensitive to the pre- 
sence of small amounts of L-ascorbate. Fig. 1 shows the effect upon dye production 
of increasing the concentration of ascorbate in a standard system.
274 D. J. James and A. R. W. Smith:
Q
58
3
ffo
o
Ol
_c
"5.
§
£ 
ra
I
o
100-
90.
80.
~ 70
75
ta 6DL
> 50.
n*
u_
40.
£
1 30-
20
10.
0.02 ' o.'2 o:e 1:0
L-ascorbic acid ( millimoles per litre)
Fig. 1. The effect of L-ascorbate on the coupling of free Napthol AS D with fast red violet LB 
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Fig. 2A D. XL V. Spectra of L-ascorbate, fast red violet LB salt and mixtures thereof. 
Cuvettes of 1 cm. path length contained: A) 0.067 mM. L-ascorbate; B) 30 [Ag/ml of fast red 
violet LB salt; C) 30 [jig/ml of fast red violet LB salt and 0.033 mM L-ascorbate; D) 30 [ig/ml 
of fast red violet LB salt and 0.008 mM L-ascorbate, all in Mcllvaine's buffer pH 5.4. The
reference cuvette contained the same buffer
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The dye, once formed, was not bleached by subsequent addition of L-ascorbate. 
The free Napthol AS D contains no bonds that are ordinarily considered to be 
sensitive to easy reduction, and so was not investigated further for reactivity. 
The diazo group of diazonium salts may, on the other hand, undergo readily a 
four-electron reduction to the corresponding arylhydrazine in the presence of a 
variety of reducing agents (vide e. g. Hickinbottom, 1957).
Fig. 2 shows the modifications in the u. v. spectra of solutions of fast red 
violet LB salt and ascorbate that are produced upon mixture at pH 5.4. At the 
"k max. of fast red violet LB salt of about 343 nm., and of ascorbate at 265 nm., 
absorbancy diminished rapidly. These results are consistent at least with the 
conversion of ascorbate to dehydroascorbate, and with removal of the diazonium 
salt. The nature of the ' stabilisers' used with this brand of fast red violet are 
not consistent with their possessing any absorbancy in the u. v., nor do they 
react with ascorbate. It would thus appear likely that ascorbate reduces the 
diazonium salt to the corresponding aryl-hydrazine, from which dye production 
is not possible.
The cytochemical significance of these findings has not yet been determined, 
but interpretation of localisation studies, using Burstone's method on tissues 
known to contain high levels of endogenous ascorbate, should be tempered by these 
findings.
In this respect, animal tissues such as liver and kidney, and many plant tissues, 
particularly fruits and vegetables, may pose problems in interpretation. Thus, 
in this laboratory, nonspecific esterases have been localised cytochemically in 
strawberry pulp in varying degrees of intensity over a period of three seasons. In 
one season no activity could be detected despite the examination of several fruits 
from all stages of ripening. In contrast it was always possible to measure estero- 
lytic activity in the biochemical assay of purified, lyophilised extracts. The 
apparent disparity of these results might be reconcilable by the following reason- 
ing: endogenous levels of ascorbate in fresh, frozen sections of strawberry pulp 
prepared for cytochemical tests may be sufficiently high at certain times of the 
season to interfere with the chromogenesis of the cytochemical reagents. Olliver 
(1939), discussed the influence of various factors, such as degree of maturity and 
date of picking, upon the level of L-ascorbate in any one berry. Furthermore, 
Jensen and Kavaljian (1956), when using the "silver method" to detect ascorbate 
cytochemically, in root tips, showed that the intensity of the stain varied from 
tissue to tissue. In the course of enzyme purification for biochemical assay how- 
ever, extensive dialysis removes endogenous ascorbate, so allowing the detection 
of esterolytic activity in the assay procedure.
It is possible that other reducing agents may have a similar effect on chromo- 
genesis and that coupling salts other than fast red violet, may be affected by 
them.
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Summary. A method is described, for the first time, by which ultra-thin frozen sections 
of plant tissues may be prepared for electron microscopy. Sections of both plant and animal 
tissues were prepared from either unfixed or fixed tissues, without prior dehydration or 
infiltration of the tissue with a support medium, and with the aid of a Reichert OmU2 
ultra-microtome with freezing attachment.
Introduction
It is clear from a number of studies that the conventional methods of tissue 
preparation for electron microscopy result in the loss of lipids, proteins, and 
nucleic acids from both plant and animal tissues (Dallam, 1957; Cope and 
Williams, 1968; C. Cave and P. B. Gahan, unpublished data). In addition, the 
conventional methods of dehydrating and infiltrating with a resin often result 
in partial or total loss of the reaction product of a number of cytochemical 
reactions (e.g., Holt and Hicks, 1966; Livingston et al., 1969).
Attempts have been made to improve this situation by the introduction of the 
use of a refrigerated ultra-microtome, enabling fixed or unfixed, ultra-thin 
frozen sections to be cut for electron microscopy whilst avoiding the use of organic 
solvents as dehydrating agents, and of embedding media (Bernhard and Leduc, 
1967; Appleton, 1969; Christianson, 1969). Alternatively, ultra-thin frozen sections 
have been prepared from fixed or unfixed cryostat sections dried onto the outside 
of an Epon block and sectioned at room temperature with an ultramicrotome 
(Tranzer, 1965).
The methods of Bernhard and his collaborators had the disadvantage of the 
need to encapsulate the material in gelatin prior to cutting. This need has been 
overcome in the studies of Appleton (1969) and of Christianson (1969), in which 
fixed and unfixed frozen sections of mammalian tissues were prepared without 
the use of a support medium, and, in the case of Appleton (1969), directly onto the 
dry knife and with the omission of the flotation bath.
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All such studies have concerned animal tissues, and there appears to be no 
such study with plant tissues. The present communication describes an approach 
to the problem of preparing ultra-thin frozen sections from embryos and root 
tissues of Vicia faba.
Materials, Methods and Results
1. Tissues. Lateral roots of Vicia faba were used when 1-2 cm in length. V. faba embryos 
taken from seeds soaked in running tap water for 24-48 hours were also employed.
As a control, and to test the cutting techniques already described, some animal tissues 
were employed, namely, small intestine, liver, kidney, and a transplanted tumour from a 
spontaneously occurring fibrosarcoma, all from male mice of the C57 strain.
2. Tissue Preparation. Animal tissue pieces (not larger than 0.5-1 mm, cubed) 
were used after fixation for 2 hours in 2.5 percent glutaraldehyde, in 0.1 M 
cacodylate buffer, at pH 7.1, at 2° C, followed by washing in cacodylate buffer 
at 2° C for 18 hours.
Plant tissues (not larger than 0.5-1 mm, cubed) were used either unfixed or 
fixed as described above for the animal tissues. The tissues were used directly or 
were subjected to treatments designed to protect the cells from freezing damage:
a) infiltration with glycerol according to the method of Dolhoff etal. (1969a, b);
b) pretreatment with 5 percent aqueous polyvinyl alcohol (PVA) solution for 
1 to 2hours (Gahan etal., 1967); or c) pretreatment with 1 percent gum acacia 
in 0.88 M sucrose solution for 30 minutes to 2 hours (Holt, 1958).
3. Preparation of the Sections. Small pieces of the various tissues, prepared by 
the methods described above, were frozen directly onto the precooled specimen 
holder of the microtome in the cutting chamber at different temperatures between 
-120 and -60° C.
Sections were cut on a Reichert OmU2 ultra-microtome with a freezing 
attachment, using glass knives having a cutting angle of 45 degrees. A con- 
centration of 60 percent dimethylsulfoxide (DMSO) in water was used for the 
flotation solution, since lower concentrations of the DMSO tended to freeze at the 
lower temperatures employed.
During the cutting of the sections, variations were made in the cutting speed, 
the angle of the knife to the specimen, the temperature of the knife, and the 
temperature of the specimen itself (Table).
It was difficult to observe the very thin sections on the surface of the DMSO 
bath, there being no interference colours, and so the first section cut was always 
thick, to act as a marker for the subsequent sections.
Both the fixed and unfixed sections were picked directly onto copper grids. 
Initially, use was made of formvar-coated grids, but it was found that uncoated 
grids of 400-mesh size could be employed satisfactorily. At times, the DMSO 
did not drain completely from the sections, rendering them opaque in the electron 
beam. This difficulty was overcome by washing the sections briefly with distilled 
water and was reduced also by the use of uncoated grids.
4. Staining. Attempts to stain the sections conventionally with either uranyl 
acetate or lead citrate proved abortive, as has been described by other workers 
(e.g., Appleton, 1969). In an effort to introduce some contrast into the section, 
it was decided to try to react the tissue for acid /S-glycerophosphatase activity by 
the method of Gomori (1950), since this technique should have resulted in the
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Table. Effects of the pretreatment and variation in temperatures on the production of ultra-thin
frozen sections of embryos of V. faba fixed in 2.5 percent glutaraldehyde, in 0.1 M cacodylate
buffer, at pH 71, for 2 hours, at +4°C. The microtome was employed with section-thickness
setting at the gold position and the cutting speed at the diamond knife setting
Pre- Freezing Knife Block f Observations 
treatment temperature temperature temperature
None -110 
- 60
-40 
-40
- 90 
- 90
Good sections. No ribbons. 
Good sections in ribbons. 
Good preservation of the cyto- 
plasm
Glycerol
PVA
-110
-110
-110
- 60
-40
-40
-40
-40
- 90
-110
- 90
- 70
No sections obtained
Sections thick, compressed,
but in ribbons. Cytology poor
Less compression and thinner
sections
Sections thin
Gum- -120
- 60
-40 to - 30 - 70 to - 60
-40 to-30 -80 to-60
Ribbons of intact sections, 
but compression. Very bad 
ice damage
Good sections. Ice damage 
very much reduced (Fig. 1)
deposition of lead at specific and known sites in the plant cells (Gahan and 
McLean, 1969). The glutaraldehyde-fixed tissue blocks were incubated for 
30 minutes at 37° C in the reaction medium normally employed for acid /S-glycero- 
phosphatase activity. For a normal cytochemical reaction, an incubation time of 
8 minutes has been found to be satisfactory in meristematic tissues (Gahan and 
MoLean, 1969), but, in order to be certain that lead would be deposited, the 
blocks were deliberately over-incubated for 30 minutes, which would be expected 
to yield a heavy nuclear deposition of lead. After incubation, the tissue blocks 
were rinsed in 1 percent acetic acid for 10 seconds and then in buffer for 30 minutes 
prior to immersing in the gum-sucrose medium described above.
5. Viewing the Sections. Sections were viewed, either unstained or reacted by 
the Gomori method, with an A.E.I. EM6b, using accelerating voltages of 40 
and 60 kv, and employing 25 jxm objective apertures.
Discussion
The better sections were obtained from the fixed material after treating 
the tissue blocks with gum-sucrose for 30 minutes, prior to freezing at 60° C, 
directly onto the block-holder. Sectioning was performed preferentially with a 
glass knife cutting angle of 45 degrees, employing the cutting speed recommended 
for the diamond knife by the manufacturers of the microtome, the section- 
thickness setting that would yield gold sections with resin-embedded material, 
a knife temperature of  40 to  30° C, and a specimen temperature of  80 
to -60° C.
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1. Animal Tissues. Using these preparation and cutting conditions, all of the 
animal tissues employed yielded very good sections, though similar difficulties to 
those described below with plant tissues occurred in attempts to stain the sections 
with lead citrate and uranyl acetate.
2. Plant Tissues. The use of glycerol as a pretreatment resulted in very 
poor preservation of the plant cytoplasm, presumably due in part to plasmolysis, 
but the nuclei were kept in very good condition. The pretreatment with PVA 
resulted in the production of good sections, but, possibly because of the presence 
of the PVA, even thin sections were very electron-dense and there was extreme 
difficulty in observing subcellular detail. Gum-sucrose proved to be the best of the 
pretreatments essayed, yielding good sections with well-preserved cytoplasm. Good 
sections were also prepared from tissue blocks which had received no treatment 
or fixation.
Changing the initial freezing temperature had severe effects upon the final 
preservation of the subcellular organelles. If a freezing temperature of  60° C 
was used, as described by Gahan et al. (1967) for cryostat preparations, then 
minimal freezing damage was observed (Fig. 1). If, however, the freezing temper- 
ature was lowered to  110° C, then the lower the temperature, the greater the 
damage, regardless as to whether or not the tissue was fixed and whether or not 
there had been some form of pretreatment.
The cutting speeds were of importance; the faster the speed, the more 
compression was observed and the greater the cutting damage. Due to the 
construction of the knife-holder, it was not possible to test the effects of the 
diamond knife available in the laboratory, and so the comment of Dolhoff et al. 
(1969 b), concerning the superiority of diamond knives versus glass knives, could 
not be tested.
Section-thickness settings selected varied, but the best results obtained were 
those employing the thickness setting that would yield gold sections with tissues 
embedded in resin. Owing to the lack of interference colours when the sections 
were floating on the DMSO bath, it was not possible to gauge the thickness of the 
sections. An assessment of section thickness once the sections were in the electron 
microscope revealed them to be of the order of 80 nm under normal conditions 
of cutting.
Cutting temperatures were assessed on a trial-and-error basis, and optimal 
conditions were found to be (a) knife temperature at  40 to  30° C, and (b) 
specimen temperature at  80 to  60° C. These seemed surprisingly high in view 
of the heat likely to be generated at the cutting front but which did not appear to 
affect the good preservation of the sections. Lower temperatures resulted in much 
thicker sections, more compression, and a greater difficulty in obtaining ribbons.
The introduction of an electron-dense stain into the sections still remains a 
problem. Other workers have had similar difficulties, and it would seem that this 
condition may be due in part to the lack of disturbance of the tissue structures 
through the omission of organic solvents and resins from the processing, so 
reducing the number of binding sites for the heavj- metals.
It is clear that good, ultra-thin frozen sections of plant and animal tissues 
can be prepared, and the way is now open for the application of this approach 
to studies of lipids, diffusible substances, and enzymes in plant tissues. It is
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